Abstract-An average Transmitted-Reference (TR) receiver scheme based on orthogonal codes is proposed for improving the bit error rate (BER) performance and the transmitting rate of Ultra-wideband (UWB) TR receiver systems in coal mine. Orthogonal codes are used for modulating the reference pulses and the data pulses in each frame of every bit. Since the orthogonality of the two codes, the inter-pulse interference (IPI) is greatly reduced. Then the decoding reference pulses and the data pulses are averaged in a frame, which decreases the noise in the reference pulses and the data pulses. Finally, I demonstrate this optimal receiver scheme by the simulation in the coal mine roadway ultra-wideband channel model. Detailed simulation experiments are presented to validate the effectiveness of this proposed method. The experimental results show that this method can not only efficiently reduce the noise interference in receiving signals, but also can provide higher transmission rate, which make UWB signal receiving in coal mines more accurately.
I. INTRODUCTION
Ultra-wideband (UWB) technology has recently attracted widespread attention because of potential applications in high-speed short-range communications. It has many advantages like large bandwidth, large capacity, low power consumption, high speed, strong anti-inference capability, low power consumption, and so on, which is especially suitable for frequency unrestricted environments like underground. Of all UWB systems, they use extremely short pulses, so the main task of receiving UWB signals is effective pulses detection and recovery. On the ground, rake coherent receiver technology, energy detection and transmitted reference receiver technology have usually been used for UWB signals receiving. The rake receiver [1] can effectively combine paths with different delays, obtain the path diversity gain, and improve the transmission characteristics.
But it needs high precision synchronization circuit, channel estimation module, and many correlators, which greatly increase the complexity of the system implementation. Energy detection [3] uses only one or several integral windows to collect multipath energy without channel estimation and correlators. However, it needs large search area for UWB signals which affects energy capture efficiency. And the use of squarer greatly reduces the output signal to noise ratio. Meanwhile, integration length, decision threshold and the synchronization point must be optimized, which increase the complexity of this method. Transmitted-Reference receiver technology [2] uses the correlation between the reference signal and the receiving signal, which simplifies the system complexity and reduces the synchronization precision. But the system BER and the system emission energy of this method is poor. Besides, the system transmission rate is limited by the interval between the reference pulse and data pulse in a frame. And the system performance is affected by the delay line length. Further, roadway environment in coal mine is a special confined space, where the delay spread of UWB signals transmission is larger than it on the ground. Especially in the case of non-line sight propagation, the number of multipath components in roadway is larger because of obstacles scattering. Therefore, rake correlation receiver in the roadway will need a lot of correlators which greatly increase the receiver volume. In addition, energy detection technology has much more complex design, and the BER performance is unstable in this complex environment of coal mine.
TR receiver technology [4] does not require complex and accurate channel estimation, which reduces the system complexity and the synchronization accuracy requirement. However, several problems need to be settled, especially when it is used in coal mines. Furthermore, many pieces of high power electrical equipment are concentrated mostly in the roadway. So the electromagnetic noise is severe. Therefore, in this paper, an average transmitted reference receiver scheme based on orthogonal codes was studied for UWB signals receiving in coal mines to solve the system BER and the transmission rate problems.
A scheme model is established. The BER performance of this scheme is analyzed. The effectiveness of the proposed method on BER performance and the transmission rate is demonstrated by simulation and comparison with traditional TR in coal mine roadway environment.
II. TRADITIONAL TRANSMITTED-REFERENCE RECEIVER TECHNOLOGY
The schematic diagram of traditional TransmittedReference (TR) receiver technology is shown as Fig. 1 . A pair of pulses is transmitted in each frame. One is the reference pulse without modulation, and another is the data pulse after modulation. In the receiver, a delay apparatus and a correlator are used for receiving data. In the transmitter, the transmitting signal is generated by a delay apparatus and a modulation. And the interval between the reference pulse and the data pulse is less than the coherence time of the channel. In the receiver, the receiving signal is amplified and filtered at first, which reduces noise interference. The receiving signal with certain delay is generated by a delay apparatus. And the delay time is the interval between the reference pulse and the data pulse. Then the delayed receiving signal and the original receiving signal are multiplied. Finally, the information is obtained after the integrator and the decision output. So the transmitting signal of traditional TR is: 
where () nt is the zero mean Gaussian noise, whose power spectral density is 0 2 N . According to Figure 2 , the correlation output of the symbol i d is:
where  is the integration time, and max   usually;
() yt is the useful signal; 1 () nt, 2 () nt, 3 () ntis the noise. The energy for each section are calculated, which are:
Assuming 1 () nt , 2 () nt, 3 () nt are uncorrelated zero mean Gaussian variables, and the users transmit data with equal probability. The energy of each bit is 2
and the system error rate is: 
III. AVERAGE TRANSMITTED-REFERENCE RECEIVER SCHEME MODEL BASED ON ORTHOGONAL CODES
According to the analysis above, traditional TR receiver technology has several shortcomings. Firstly, because the reference pulses in the receiving signal contain some noise, which reduces system BER.
Reference [5] pointed out that the system BER 4 
10
 required SNR for 17 ~ 19dB, which is worse compared to the Rake receiver system. And as for transmitting the reference pulse in each frame, the system emission energy efficiency is poor. Besides, in order to avoid interpulse interference (IPI), the interval between the reference pulse and data pulse in each frame is settled as
, which limits the transmission rate as max 1 (2 ) b RN   . So as to address these issues, several improved solutions are given in Ref. [6] , Ref. [7] and Ref. [8] . ATR technology [6] reduces the noise effect of reference pulses on system performance by averaging the decoding reference pulses. But at the same time, the accuracy and volume of analog delay lines limits the realization and the BER performance of TR receiver. DTR technology [7] greatly improves the system transmission rate without transmitting the reference pulse by using differential encoding principle and auto-correlation techniques. But the use of differential encoding, the current received signal is affected by both the previous and the later data, so the inherent error propagation phenomenon affects the system performance. The orthogonality of FSR technology [8] used the frequency shift between the pulse trains to maintain orthogonal between reference pulses and data pulses in a bit length without an analog delay line. So in the receiver, the reference pulses and the data pulses are separated by this orthogonality. However, when the system data transmission rate is higher, orthogonality is difficult to satisfy. As a result, the system performance decreases. Meanwhile, the coal mine tunnel space is narrow. The power of electrical equipment is greater, and they placed more concentrated. So the electromagnetic noise in the roadway is severe, which challenges TR receiving technology. Therefore, it is necessary to design a TR receiver system with better antinoise performance and faster transmitting rate according to the special circumstances of the coal mine. Thus, in this section, an average TR receiver scheme based on orthogonal codes was proposed for UWB receiver system in coal mine.
In traditional TR systems, each data frame is composed of the reference pulse and the data pulse. In this scheme, BPSK modulation is used for data pulse modulation. This is because that the BPSK modulation performance is superior to that of BPPM [10] , and there are no spectral peaks like PPM modulation. And it is also proved the best modulation scheme in the autocorrelation receiver [9] . The traditional TR transmission signal and the improved TR transmitting signal are shown in Fig. 3 . The red indicates the reference pulses. And the blue is the data pulses. Moreover, the reference pulses are not modulated, but the data pulses are on the contrary.
As for the problems in traditional TR receivers above, an average transmitted reference receiver scheme based on orthogonal codes is proposed. The principle is shown in Fig. 3 . A pair of orthogonal codes is used for encoding and decoding the reference pulses and the data pulses in each frame of each bit. Then the interval between reference pulses and data pulses is reduced to one pulse duration. Since the orthogonality of these codes, the IPI is greatly reduced. Then the decoded reference pulses and the data pulses are averaged in a frame, which decreases the noise in reference pulses and data pulses. Finally, the relevant decision between the reference pulses and the data pulses is done for the receiving signal. Fig. 4 shows a block diagram of the transmitter and receiver of an UWB average TR receiver system based on orthogonal codes. As it shows below, in the transmitter, the delay apparatus generates the transmit signal by a combination of data pulses and reference pulses. And the interval between the reference pulse and the data pulse is one pulse duration. Meanwhile, the orthogonal code modulation is respectively done towards the reference pulse and the data pulse. Then two sets of orthogonal coding sequences are mutually orthogonal. For example, when one-bit data is transmitted by two frames, two rows or two columns of the second order Walsh codes can be used to modulate the reference pulses and data pulses. In the receiver, the receiving signal is filtered and amplified at first, which reduces certain noise interference. Then in current bit data, the reference pulse and the data pulse in each frame are respectively multiplied by their modulation codes, and then they are summed and averaged in this bit, which obtains the corresponding reference sequences and the data sequences. The time interval between the reference pulse and the data pulse is reused to generate a local template version by the reference pulse sequence. Finally, the local template sequence and the data sequence are multiplied. And the final information is obtained after integration and judgment.
IV. SYSTEM PERFORMANCE ANALYSIS According to Fig. 4 , the transmitted signal of this scheme is: (10) After transmitted through the channel, the transmitting signal can be expressed as:
where () nt is the additive noise; () ht represents the channel impulse response. According to UWB channel model [10] , the impulse response of slow fading multipath UWB channel can be expressed by the sum of a The received signal is firstly passed over the band-pass filter with the bandwidth of W, that is: 
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where the front part is the reference pulses; the latter part is the data pulses. According to Fig. 3 , in the i-th bit data the average reference sequence and the average data sequence is:
According to Eq. (15), that is:
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According to Fig. 4 , the decision variable is:
where  is the integral time, usually max  
; Y is the useful signal, that is, in each bit data, the sum of the correlation between every data pulse and the processing reference pulse; 1 N is the correlation results between data pulses and relevant noise contained in the local template of reference pulses in one bit data; 2 N is the correlation results between the local template of reference pulses and relevant noise contained in the data pulses in one bit data; 3 N is the correlation results between noises in the local template of reference pulses and in the data pulses in one bit data.
According to Eq. (8), there are:
Gaussian approximation method is used to calculate the BER of receivers. () nt is zero mean Gaussian white noise, and its variance is 
Then according to traditional TR model, similar calculations can be obtained:
According to the Gaussian approximation, 1 N , 2 N and 3 N are uncorrelated zero mean Gaussian variables. The users send the data with the same probability, so the system error rate is: 
based on the same condition, which is the best compared with traditional TR, DTR, and FTR. In contrast to Eq. (32), the BER performance of the new method is better than that of ATR scheme.
V. BER PERFORMANCE SIMULATION AND CONCLUSION
In this simulation, the second order Gaussian pulse with the 0.5 ns width is used, and its pulse forming factor is 0.287ns. BPSK modulation is used for data pulses. The communication channel uses coal mine roadway ultrawideband channel model [11] .
In coal mine roadway,the path loss model of UWB system can be simply described as a function of frequency and distance:
where f is the system frequency; and d is the distance between the receiver and the transmitter. And in the tunnel, compared to the reference distance 0 d , the average path loss at location d of UWB signal is defined:
where n is the path loss factor; 
In LOS and NLOS environments of the coal mine tunnel, the frequency factor  is
. Besides, as for small-scale fading feature in coal mine tunnel, average additional delay and RMS delay are used for characterization. Table I shows the mean and the standard deviation of RMS delay and average additional delay obtained by the cumulative distribution curve. The distance between transmitting and receiving antennas is 2 meters. The noise is additive white Gaussian noise. The bandwidth of band-pass filter is 12 p W T GHz  . Assuming the noise of a filter is large enough, so the signal can be completely through without any energy loss. Besides, it is assumed that the sight path exists between the transmitting antenna and the receiving antenna. The maximum time expansion [11] of the channel is max =49ns 
